I would argue for an integrative approach specifically related to and illustrated by Biosphere 2, a viewpoint reflecting my personal experience as crew member and "inside" physician for the project from 1991 to 1993 . Indeed, the title of this article,"Biosphere 2 as Voyage of Discovery," expresses the idea that serendipity may play a dominant role in directing inquiry.
A pertinent historical example is Darwin and the voyage of the Beagle. When Darwin joined the crew as naturalist, he was not a well-known scientist; he was chosen in part because, having no strong ties holding him to one place, he could absent himself for 4 or 5 years. But he didn't know exactly where he was going or what he might expect to find there, and he had no hypothesis to test. He was merely a thinkerobserver-of course, an astonishingly good one-on a long, eventful voyage.
The voyage of the Beagle turned out to provide serendipitous science aplenty, wherein nature poses unsolicited questions, the answers to which may lead to new insights-questions such as, Why are the beaks of those finches subtly different from island to island? Dilemmas like this may be considered experiments of nature. They arise in complex systems, unpredictably. They can easily be overlooked or passed off as annoyances (Cohen and Tilman 1996) .
Did the voyage of Biosphere 2 also throw open opportunities for serendipitous science? Yes, indeed, and no doubt in more ways than the crew were able to grasp, since our primary task was to keep Biosphere 2 alive and functioning. We had 2 years to iron out the kinks in the "incredible facility" (Broecker 1996) we had built. Having participated in everything from construction work to sophisticated computer in-Forum stallation in the building of Biosphere 2, the crew members were technically highly competent to this main task, but on the whole not equipped to recognize and exploit the scientifically unexpected.
Because of reduced sunlight caused by El Niño during 1991-1992, along with more than the anticipated population of insect pests, the projected agricultural production of 2500-2800 kilocalories per person per day could not be reached. Only 1800-2100 were available-a low amount given the enormous workload that had to be shouldered to run Biosphere 2 . Fortunately, the quality of the diet was excellent. Because one goal of the project was to be totally self-sufficient, the importation of food was to be avoided if at all possible. Being informed that a lowcalorie, high-quality diet leads in rodents to delayed aging, increased average and maximum life span, decreased disease susceptibility, and a wide variety of health-enhancing physiologic changes, the crew elected to subsist on such a dietthat is to say, on what may be labeled "a healthy starvation diet" for the entire 2 years. Thus we became subjects of the first such human nutritional study (Walford et al. 1992 , 2002 , Verdery and Walford 1998 , Weyer et al. 2000 .
The crew also faced a period of oxygen deprivation inside the sealed environment of Biosphere 2 . Because the soil selected for Biosphere 2 proved overly rich in organic matter, the respiration of soil microorganisms caused a gradual fall in atmospheric oxygen (Severinghaus et al. 1994 )-as if the crew had ascended to an elevation of 14,000 feet. Unusual changes in our oxygenhemoglobin dissociation curves were noted during this period , changes not typical of the oxygen deprivation alterations commonly induced by high altitudes, but typical of those seen in hibernating animals, which, it should be noted, tend to be both food and oxygen deprived, just like us crew members. This and other evidence led to the hypothesis that under certain conditions humans may evince features of hibernation (Walford and Spindler 1997) , a surmise strengthened by the recent report that hibernation in some species may be regulated by differential expression of genes that have analogs in nonhibernating animals, including humans (Andrews et al. 1998) . Definitive (analytic) experiments are now called for.
Yet another unplanned experiment turned out to have wide implications. Like food and oxygen, pollutants could neither enter nor exit Biosphere 2. The project therefore took care to survey pesticide and pollutant residues in the crew's blood. With the rapid loss of body fat induced by the low calorie intake, the levels of p,p'-DDE (dichlorodiphenyl dichloroethene, a breakdown product of DDT) and total PCBs (polychlorinated biphenyls), both lipophilic toxicants that are normally stored harmlessly in body fat when taken up, increased in the blood by about 300 percent ). The subsequent decline was slow, requiring 15-24 months or longer to return to baseline. Thus, rapid loss of body fat, as seen in so many diet regimes, with the quick release of stored toxicants into the blood, from which they are only slowly cleared, may be harmful.
All of these studies were unplanned "experiments of nature" and could scarcely have happened outside the closed system of Biosphere 2.
The steady decline in oxygen, from a preentry value of 21 percent down to 14.2 percent, represented an additional puzzle. The atmospheric level of carbon dioxide should have risen to about 22,000 parts per million (ppm) on the basis of the amount of oxygen actually consumed by the soil microorganisms (Severinghaus et al. 1994) ; the level reached only about 3500 ppm, however, presenting the mystery of a large carbon sink, like the one that exists in the biosphere of planet Earth (Kaiser 1998 , Schindler 1999 . Somewhere, therefore, Biosphere 2 was sopping up carbon. The geochemists investigating this problem almost gave up the inquiry, until a specialist in quite another field suggested that the sink might be the cement making up much of the structure of Biosphere 2 (Severinghaus et al. 1994 , Broecker 1996 . This proved to be the case. The sink was thus inorganic in composition.
This finding led me to wonder (Walford 1999) whether an inorganic reaction might also underlie the large, unknown terrestrial carbon sink for which ecologists have been searching for three decades (Kaiser 1998 , Schindler 1999 . For reasons given elsewhere (Broecker 1999) , and despite the findings from Biosphere 2, the cement of cities could hardly be serving as an inorganic sink for Earth's atmospheric carbon dioxide. However, it is possible that rock weathering, which absorbs carbon dioxide but is typically a very slow process (Schwartzman and Volk 1989, Berner 1992) , has been greatly accelerated by atmospheric pollution. A sobering illustration of the effects of pollution is a plan now circulating internationally among architectural historians to dismantle the Parthenon and move it stone by stone to another site, where it will be reerected under a glass roof ("New Site Sought for Parthenon," Art Newspaper, April 1999, p. 1). A replica of reconstituted stone will be made to stand in its place on the Acropolis, because Athens is unimaginable without its Parthenon. The same consideration is being given to other priceless art objects. And is not this the strangest of postmodern images, our great art objects protected in structures somewhat resembling little Biosphere 2s, while humanity is left outside, inhaling the stone-eating gases?
The first crew of Biosphere 2 noted many features of complex biological systems that I have not addressed. Its ocean displayed a highly unusual distribution in the populations of microorganisms. Also, several trees in the savanna bent so close to the ground that they had to be supported by ropes slung from Biosphere 2's enclosing "space frame," possibly because, our botanist surmised, their location shielded them from the stimulus of the machine-generated winds. It was as though the trees developed osteoporosis when denied the "exercise" of swaying in the breeze. Exemplifying the fact that differential water availability is an important mechanism in large-scale ecosystem change (Rees et al. 2001) , the desert biome changed into a coastal scrub environment within 2 years because of excess condensation on the overhead framework. The opportunity for a time-series analysis (Bjernstad and Grenfell 2001) was suggested by the plague-like proliferation of the Australian cockroach (one among six species of cockroach detritivores inside Biosphere 2) and its interaction with an aggressive species of ant. Killing and feasting on the cockroaches, the ants became a plague themselves; but as the cockroach population declined, so too did the ants, until neither species was unduly evident. Such rapid occurrences were consistent with the preentry surmise that events within the ecological miniworld of Biosphere 2 might resemble events in the vastly larger ecosystem of Earth but would occur at a greatly accelerated rate, arguably an advantage for studying these phenomena.
These and other events might be regarded either as catastrophes interfering with the pursuit of science (Cohen and Tilman 1996) or as unusual experiments of nature well worth looking into.
Aside from the medical ones, few of these occurrences were studied in any depth, in part because of the makeup of the crew. I will note, however, that the crew members were able to prevent ecological catastrophe in a style known as "adaptive management."When I exited the enclosure in 1993, Biosphere 2 was a luxuriant paradise of plants, albeit with extinction of some species, a phenomenon commonly observed with self-organizing islands (Odum 1996) . The 2-year experience inside Biosphere 2 fitted rather well into Odum's definition of "ecological engineering" as "light management that joins human design and environmental self-design so that they are mutually symbiotic" (Odum 1996) .
Along similar conceptual lines, Biosphere 2 may well be the very best self-contained miniworld (Leigh 1999 , Marino et al. 1999 ) available for studying biocomplexity, a somewhat elusive term that many engineers and scientists nevertheless intuitively grasp (Michener et al. 2001) , and one that Rita Colwell, director of the National Science Foundation, designated as a major developing interest of NSF (Mervis 1999) .
Finally,"Biosphere 2 as Voyage of Discovery" seems to me to presage not only a recent new direction in oceanography, as suggested by a recent news item (Schrope 2001) , but also what science may be contending with as we venture into space in the 21st century. Surely the Moon, Mars, Europa, and other places will present us with unpredicted and indeed unpredictable happenings, which, if our eyes are open, will lead us to new and possibly profound insights.
Meanwhile, NASA struggles to justify the enormous expenses of space travel; it has not come up with much of a rationale so far (Swisher 2000 , Anonymous 2001 ). To grow crystals under microgravity? To study human adaptation to an unusual physiological challenge? For $15 billion per year? It hardly seems worth it. Or is it to determine whether life exists elsewhere? That's better, but it's not hypothesis testing (there is no null hypothesis).
If NASA has always faced a hard sell on space travel when it attempts to predict tangible gains, it's because the real opportunities lie elsewhere. Like the voyage of the Beagle, NASA's journey into complexity and chaos will present unforeseen challenges, the answers to which will fundamentally reshape our concepts of science and humanity. Therein lies the missing (nonlinear) justification. But to find, we first have to set forth.
NASA may have other lessons to learn from the Biosphere 2 experience. A recent article in Discover magazine (Weed 2001) recounts evidence from experience with astronauts that multiple clones of "the right stuff" ("superheroes who never lost their cool") will simply not accommodate one another-to put it mildly-on ultralong space flights, as in a Mars mission. Psychologists studying Antarctica and other Forum confined environments have suggested that heterogeneity of crew members, persons with different backgrounds, get along better during long confinement. NASA-which, as Constance Penley points out in her seminal book NASA Trek (1997) , is dominated by engineers who imagine themselves within a "Star Trek" technocracy culture-is proposing to handle the psychological problems of astronauts by designing a "therapist in a box" (software for the capsule's computer systems, programmed to handle psychological problems). As the physician and a crew member of the longest environmentally confined voyage on record (Biosphere 2), I find this proposal absurd.
While not subjected to the stress of very close confinement in a space capsule-Biosphere 2 is big and beautiful-the Biosphere 2 crew were subjected to constant hunger, oxygen deprivation, intense factionalism (a split between those who strongly supported and those who strongly resented interference from Mission Control), and highly variable relations with the media and the scientific community concerning the validity of the mission (portrayed at first as the darlings of the world, the crew became "the wizards of hokum"). Nevertheless, as the inside physician and senior member of the crew, I can attest that the performance of the crew members and cooperation among them were splendid. The entire crew racked up only 5 days of sick leave. Despite intense hostility at times, no crew member ever undercut another in the performance of tasks. The single act of violence during the entire 2 years occurred when one crew member threw a teacup at another.
I attribute this high level of performance to two things: selection among crew candidates for heterogeneity and for adaptability.
The ages of the crew ranged from 29 to 67 years. There were four men and four women, all unmarried, but two pairs were couples. Educational range was broad: Two were high school graduates, one was a graduate of a 2-year technical school in Europe, two had B.S. degrees (one in sociology, one in philosophy), two had M.S. degrees (one in botany, one in marine zoology), and one was an M.D. and university professor.
Selection for adaptability consisted of several activities:
• spending 6 weeks or longer at a 300,000-acre working cattle ranch in western Australia, where you rode hard and herded range cattle, branded and butchered cattle, strung barbed wire across the landscape, drove heavy trucks and tractors, and ate and slept on the range alongside tough aboriginal cowboys
• spending an equivalent time as deckhand and scuba diver, under intensely crowded conditions, aboard an oceangoing Chinese junk that served as a research vessel for the Planetary Coral Reef Foundation
• working as actor, seamstress, and stage hand at an experimental theater in Fort Worth
You had to do well in all those environments to survive as a candidate for the crew of Biosphere 2. In addition, all crew members had participated in the actual construction of Biosphere 2, working alongside professional craftsmen: They poured the cement, did the electrical wiring, designed and installed the computer systems, and participated in expeditions to sea, desert, savanna, and jungle to collect the 3800 species that made up the flora and fauna of Biosphere 2. Biosphere 2 therefore became "our baby."
It is interesting to note that candidates underwent no standard psychological testing. However, three-fourths of the way through the 2-year confinement, all eight crew members were given the MMPI (Minnesota Multiphasic Personality Inventory) test. They tested somewhat higher than a control group of final astronaut candidates .
Biosphere 2 was originally designed to be a prototype ecological system in all its (bio)complexity, and it may still serve as a harbinger of things to come. Columbia University now runs the $150-million structure along the path of traditional, analytic science. What will come from that style of management of such an entity as Biosphere 2 has yet to be determined. My only safe prediction is that Biosphere 2 will have many lives. The eight people who dwelt inside, myself included, came to regard her as "the ninth Biospherian. "That being so, we took good care of her.
That's what we need to do with Earth.
